Despite the widespread use of transcranial magnetic stimulation (TMS), knowledge of its neurophysiological mode of action is still incomplete. Recently, TMS has been proposed to synchronise neural oscillators, and to thereby increase the detectability of corresponding oscillations at the population level. As oscillations in the human brain are known to interact within nested hierarchies via phase-amplitude coupling, TMS might also be able to increase the macroscopic detectability of such coupling. In a concurrent TMS-electroencephalography study, we therefore examined the technique's influence on theta-gamma, alpha-gamma and beta-gamma phase-amplitude coupling by delivering single-pulse TMS (sTMS) and repetitive 
Introduction
Due to its extensive effects on human perception, cognition and action, transcranial magnetic stimulation (TMS) is nowadays widely used in both basic neuroscientific research (e.g., during investigations of visual awareness 1 , attention 2 , speech 3 and motor processing 4 ) and in clinical practice (with potential treatment domains [see guidelines on therapeutic use 5 ]
including medication-resistant major depressive disorder 6 , post-stroke motor impairment 7 , aphasia 8 and schizophrenia 9 ). Despite this broad scope of application, knowledge of the precise neurophysiological effects of TMS is still incomplete.
Over the past decade, interest has arisen in the effects of TMS on macroscopic neural oscillations, as measured with non-invasive recording techniques such as electroencephalography (EEG) 10, 11, 12, 13, 14 . In this context, Kawasaki and colleagues 13 demonstrated a direct modulation of the temporal dynamics of these oscillations by showing that the consistency of oscillatory phases across stimulation trials, so-called phase locking, is transiently enhanced after single-pulse TMS (sTMS). Even though this effect can occur within a wide oscillatory spectrum, sTMS is assumed to act on intrinsic neural systems, and thus to be most effective for those frequencies that arise naturally within particular cortico-thalamic modules 15 . Accordingly, a highly probable candidate mechanism behind the observed increase in macroscopic across-trial phase locking is the phase resetting of underlying intrinsic oscillators (but see Sauseng and colleagues 16 for a critical discussion of phase locking).
Considering that such resets would simultaneously pertain to a multitude of coexistent oscillators, transiently enhanced synchronisation would also unfold within stimulation trials.
As Thut and colleagues 12, 17 argued, rhythmic stimulation via repetitive TMS (rTMS) can foster such a synchronisation through neural entrainment, during which individual oscillators start to cycle with the same period as pulses delivered at their eigenfrequency, and thus become more and more aligned to such pulses, and consequently also to each other.
Interestingly, this synchronisation or alignment of coexistent neural oscillators has been 4 argued to prevent population-level signal nullifications, and to thereby enhance the detectability of macroscopic oscillations with scalp-based measurement techniques 17 .
Associated EEG-recorded oscillatory power increases have de facto been reported for both sTMS 15, 18 and rTMS 12 .
To fully appreciate the neurophysiological effects of TMS, it is necessary to consider that the human brain is unlikely to be a composition of neatly separated neural modules whose oscillatory signatures can be manipulated independently from each other. Rather, its essence lies in a myriad of dynamic neural interactions that serve the integration of information across various temporal and spatial processing scales 19 . One promising mechanism for how such integration may be implemented in the brain is through a nested hierarchy of neural oscillations 20 . In particular, studies have shown that the phase of oscillations arising from slower global computations can flexibly modulate the amplitude of faster local oscillations 21, 22, 23, 24, 25 , a mechanism that might enable the coordination of multiple specialised processing nodes across large-scale brain networks. The functional relevance of such phaseamplitude coupling is supported by findings associating its strength with behavioural outcomes, e.g., success in a visual motion discrimination task 26 . Given that phase-amplitude coupling is an inherent property of neural systems, the alignment of oscillators by TMS should enhance not only the detectability of individual macroscopic oscillations, but also the detectability of their coupling to other oscillations. As this feature would greatly facilitate the investigation of phase-amplitude coupling with non-invasive measurement techniques such as scalp EEG, which often require extensive recordings to cope with only moderate signal-tonoise ratios, its clear demonstration would be of high relevance for both TMS methodologists and cognitive neuroscientists. 20, 29, 30 , the enhancement of phaseamplitude coupling relative to sham stimulation was assessed separately for theta-gamma, alpha-gamma and beta-gamma coupling, with the rTMS frequency always equalling the frequency of the slower modulating oscillation to allow for this oscillation's direct entrainment. The experiments were designed to evaluate the following theoretical reasoning.
As enhanced oscillatory power has been reported for both sTMS 15, 18 and rTMS 12 , scalprecorded phase-amplitude coupling should likewise be transiently enhanced for both stimulation paradigms. As both paradigms were further shown to modulate phase dynamics not only locally at the stimulation site, but also with network-wide signal propagation 13, 14 , the enhancement of phase-amplitude coupling might likewise propagate across the cortex. Finally, we directly compared the neurophysiological effects of sTMS and rTMS by examining whether an rTMS-induced entrainment of neural oscillators can induce a locally stronger and/or globally more widespread enhancement of phase-amplitude coupling relative to sTMS.
Methods

Participants
Fourteen right-handed healthy participants (two females, twelve males; mean age ± SD, 30.8 ± 5.5 years) were recruited to this study. Written informed consent was obtained from all participants prior to experimentation. The study was approved by the RIKEN Ethics 
EEG recording and preprocessing
During the entire stimulation procedure, EEG (left earlobe reference; AFz as ground)
was recorded from 63 TMS-compatible Ag/AgCl scalp electrodes (EASY CAP, EASYCAP GmbH, Germany; see Fig. 1a for the electrode layout), which were positioned according to the international 10/10 system with lead wires rearranged orthogonally to the TMS coil handle to reduce TMS-induced artefacts 31 . In addition, horizontal and vertical electrooculography (EOG) was recorded to monitor eye movements and blinks. All signals were sampled at a rate of 5,000 Hz, filtered online from DC to 1,000 Hz and amplified using the TMS-compatible BrainAmp MR plus system (Brain Products GmbH, Germany). Impedances were kept below 10 kΩ.
We preprocessed the EEG data by first segmenting it into epochs starting 2 s before the first (or single) TMS pulse and ending 3 s after the last (or single) pulse of a train, and then re-referencing these epochs to the averaged recordings from electrodes positioned on the left and right earlobe. To remove the TMS-induced ringing artefact in the EEG signals, we substituted all values within an interval of 0-8 ms after each pulse with replacement values estimated using linear interpolation. In those cases where the interval was deemed to be too short, it was manually extended to 12 ms after the pulse. The longer-lasting exponential decay artefact was attenuated by identifying components capturing this artefact with an independent component analysis (ICA), and then removing them from the data 18, 32 . Next, we rejected trials with signal values exceeding ± 200 μV within an interval of -1 s to +1 s around the stimulation to exclude any remaining artefacts. After performing a current source density (CSD) transformation of the surface voltage distribution using spherical splines to reduce the effects of volume conduction 33, 34 , the data were down-sampled to a rate of 1,000 Hz.
EEG analysis
To compute phase-amplitude coupling, we first convolved the preprocessed time series with complex Morlet wavelets w(t,f) 35, 36 :
with t denoting time, f denoting the central frequency of interest, ơt denoting the SD of the Gaussian window and the number of wavelet cycles within a 6ơt interval nco = 3 determining the approximate width of the frequency bands 37 :
The central frequencies f were chosen to be 5 Hz, 11 Hz and 23 Hz for phase extraction and of the five rTMS pulses was then compared to the sTMS-induced extent of propagation using exact binomial tests with parameters nel_1 = number of electrodes with a significant TMSsham difference during a particular rTMS pulse but not the sTMS pulse, nel_2 = number of electrodes with a significant TMS-sham difference during the sTMS pulse but not a particular rTMS pulse and the total number of discordant electrodes nel = nel_1 + nel_2. As the assignment of these electrodes to either nel_1 or nel_2 would have happened with equal probability under the null hypothesis of no sTMS-rTMS difference, the p-value was defined as the probability of nel_1 reaching the observed or a higher value. Since we performed five tests per condition, multiple comparisons were subsequently accounted for by adjusting p-values with the false discovery rate (FDR) procedure 40 .
All analyses were performed in MATLAB (The MathWorks, Inc., USA), using the CSD toolbox 34 , the CircStat toolbox 38 , the FieldTrip toolbox 41 and custom-written scripts.
Data availability
The dataset analysed in the current study is available from the corresponding author on reasonable request.
Results
Local modulation of phase-amplitude coupling
Time-frequency representations of the local change in ERPAC relative to the sham stimulation revealed that both motor TMS, analysed at electrodes C1 and C3, and visual TMS, analysed at electrodes Oz and O2, led to an enhancement of phase-amplitude coupling in all assessed phase-amplitude combinations (Fig. 2 ). For sTMS (Fig. 2a) , significant timefrequency clusters (p ≤ .05, one-tailed cluster-based permutation tests) were found around the onset of the single pulse at 0 ms in all conditions but one: The ERPAC increase around the time of the pulse did not reach significance for the effect of visual sTMS on alpha-gamma coupling. However, later clusters of significant increases suggested an effect of sTMS on local ERPAC in this condition as well. For rTMS (Fig. 2b) , significant time-frequency clusters of increased ERPAC could likewise be observed around the onset times of almost all pulses. Interestingly, whereas the ERPAC increases induced by the individual pulses were clearly separated in time in the 5 Hz and 11 Hz stimulation, which related to theta-gamma and alpha-gamma coupling, respectively, the effects were more strongly merged for the beta- A comparison of the local change in phase-amplitude coupling induced by sTMS and rTMS revealed that in all but one condition, the mean ERPAC increase relative to the sham stimulation was higher for the last rTMS pulse than for the sTMS pulse, with the opposite pattern being observable for beta-gamma coupling during visual TMS (Fig. 3) . However, because of high variability over participants, the p-values from two-tailed paired-sample Student's t-tests did not reach statistical significance (all p > .05), there being merely a statistical trend (t(13) = -1.93, p = .076) observable for alpha-gamma coupling during visual TMS, suggesting stronger ERPAC enhancement by rTMS than by sTMS.
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Insert Figure 3 about here.
Global modulation of phase-amplitude coupling
To illustrate the change in ERPAC relative to the sham stimulation at all 63 scalp electrodes, nine topographic maps were computed for each condition and stimulation paradigm (Fig. 4) . The first two maps represented pre-stimulation time windows, the next one sporadic enhancements also occurring at other sites (Fig. 4a) . By contrast, the effects of rTMS within the five topographic maps centred on the five pulses appeared to be more strongly distributed over the entire cortex (Fig. 4b ).
Insert Figure 4 about here.
We quantified this observation by determining the number of electrodes with significantly higher ERPAC during motor or visual TMS than during sham stimulation (p ≤ .05, one-tailed paired-sample Student's t-tests), and then comparing the electrode numbers between sTMS and the five rTMS pulses (Fig. 5) . As expected, in most cases, the number of significant electrodes was larger for a particular rTMS pulse than for the sTMS pulse of the same condition. With regard to motor stimulation, this difference was statistically significant (pFDR ≤ .05, exact binomial tests) for three out of five rTMS pulses when investigating alphagamma coupling (pulses 1, 2, 3: each pFDR = .041) and for one rTMS pulse when investigating beta-gamma coupling (pulse 3: pFDR = .019). With regard to visual stimulation, three out of five rTMS pulses showed a significantly larger propagation when investigating theta-gamma coupling (pulse 1: pFDR = .019, pulse 4: pFDR = .009, pulse 5: pFDR = .006), whereas two rTMS 14 pulses were significant for beta-gamma coupling (pulses 2, 3: each pFDR = .021). Thus, while significant sTMS-sham differences were still found at five or more electrodes in all conditions, indicating a certain extent of propagation in this stimulation paradigm as well, rTMS induced a considerably more widespread propagation of ERPAC enhancement overall.
Insert Figure 5 about here.
Discussion
With the present study, we provide compelling evidence that both sTMS and rTMS can transiently enhance phase-amplitude coupling of neural oscillations, as measured with concurrent EEG. This enhancement was found not only locally at the stimulation site, but also over various other cortical sites, with the propagation induced by rTMS outperforming that induced by sTMS. By demonstrating enhanced theta-gamma, alpha-gamma and beta-gamma phase-amplitude coupling during motor and visual TMS, our results have relevance for a wide range of the nested oscillatory signatures inherent to neural processing 20, 21, 42, 43 and are highly consistent with the hypothesised population-level increase in intrinsic coupling brought about by oscillatory phase alignment. We hence propose that concurrent TMS-EEG can be utilised to effectively probe such coupling in humans, a feature making it a highly promising technique for future non-invasive investigations of this important mechanism.
At the site of stimulation, all of the assessed conditions showed significant increases in phase-amplitude coupling strength during or slightly after TMS. As the phase-amplitude coupling in the present study was operationalised as the circular-linear correlation of phase
and amplitude values at each time point across stimulation trials 38, 39 , changes in coupling strength could be assessed without the loss of temporal resolution inherent to most other coupling measures 21, 22, 29 . Given that the enhancement of local phase-amplitude coupling typically lasted for less than 50 ms around the pulse, a finding consistent with the previously reported short-lived character of TMS-induced phase dynamics 13 , this approach was vital to 15 quantify transient effects that would otherwise be barely detectable in scalp EEG recordings.
We took the following steps to ensure that the observed effects did indeed reflect a direct enhancement of macroscopic phase-amplitude coupling by TMS. First, to account for any indirect effects of stimulation, particularly for auditory-evoked changes in brain activity including cross-modally triggered phase locking after salient sounds 44 , phase-amplitude coupling was always assessed relative to the sham stimulation, which was applied over the vertex of the head. Second, by statistically comparing the observed TMS-sham differences to surrogate distributions of trial-shuffled data with unmodified temporal structure 39 , we confirmed that the observed enhancement of phase-amplitude coupling was based on a specific statistical relationship between phase and amplitude values across trials, rather than on spurious relationships induced by unrelated neural effects of the pulse or any sharp edge artefacts 45 . Thanks to these methodological approaches, a clear demonstration of TMSinduced changes in phase-amplitude coupling was made possible. Even though such changes seemed to be stronger for the last pulse of the delivered rTMS trains (targeted at the phaseproviding lower-frequency oscillations) than for the sTMS pulse in almost all conditions, the statistical power was not high enough to enable a conclusion regarding local phase-amplitude coupling differences between stimulation paradigms. Notably, a slight modification of the rTMS paradigm could potentially facilitate the detection of such differences. Successful neural entrainment, which might underlie a potential rTMS benefit by enabling stronger oscillatory phase alignment relative to sTMS, requires the existence of a neural population that can oscillate at the stimulation frequency under natural conditions 17 . As such eigenfrequencies differ between cortical regions 15 and individuals 46 , the entrainment capability of rTMS should be enhanced by tuning its frequency to the local power spectrum Nonetheless, conclusive evidence on this matter is so far missing and future studies are needed to shed light on the exact cause of the observed sTMS-rTMS differences in phaseamplitude coupling propagation.
As phase-amplitude coupling is believed to play a fundamental role in the transfer of neural information across diverse spatial and temporal processing scales, thereby serving the dynamic integration of global computations with fast local processing, it may be extremely relevant for cognitive functioning 42 . Recent evidence has started to support this claim by hinting at its functional significance for visual perception 26 , feedback processing 56 , memory recall 57 , visuomotor mapping 58 and movement planning and execution 59 . Accordingly, a dysfunction in phase-amplitude coupling has been identified in several clinical conditions such as Parkinson's disease 60 , autism spectrum disorders 61 and epilepsy 62 . Still, our current In conclusion, we used a concurrent TMS-EEG study design to demonstrate that TMS can transiently enhance scalp-recorded phase-amplitude coupling. This enhancement was found for both sTMS and rTMS, with a more widespread propagation of effects being observed during the latter stimulation paradigm. We thus recommend the perturbational approach of concurrent TMS-EEG as a novel experimental technique to effectively probe intrinsic phase-amplitude coupling in humans. wrote the manuscript. All authors reviewed the manuscript.
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